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We examine the phenomenological consequences of quadratically divergent contri- 
butions to the scalar potential in supergravity effective Lagrangians. We focus specif- 
ically on the effect of these corrections on the vacuum configuration of scalar fields in 
softly-broken supersymmetric theories and the role these corrections play in generating 
non-diagonal soft scalar masses. Both effects can only be properly studied when the 
divergences are regulated in a manifestly supersymmetric manner - something which 
has thus far been neglected in past treatments. We show how a supersymmetric regular- 
ization can impact past conclusions about both types of phenomena and discuss what 
types of high-energy theories are likely to be safe from unwanted flavor-changing neutral 
current interactions in the context of supergravity theories derived from heterotic string 
compactifications . 
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Introduction 



The supersymmetric flavor problem ^ [2] continues to lie at the heart of phenomenological treat- 
ments of supersymmetry breaking. The apparently small size of off-diagonal mass terms in the 
effective potential in any softly broken supersymmetric model has often been cited as particularly 
troublesome for models in which supergravity plays a prominent role in transmission of supersym- 
metry breaking to the observable sector - and therefore for string- inspired models more generally j3| • 
It is important, however, to distinguish "general gravity mediation" from the specific manifes- 
tations that arise in string models. In a completely general model of gravity mediation there is 
indeed a generic "flavor problem," irrespective of the quadratic divergence issue. That is to say 
that one can imagine a priori operators of the form 

where X is a Standard Model singlet that is presumably a hidden sector field. If it participates in 
supersymmetry (SUSY) breaking, then it will generate off-diagonal soft-masses. The key is that 
without specifying a rule for how this X couples to Standard Model matter (such as via gauge 
charges in gauge mediation) then we must assume that different flavors can be treated differently. 
Rephrased in a manner common to treatments of the flavor problem in supersymmetry: there is 
no symmetry argument as to why operators of the form of should be absent. 

But the symmetry here being considered is typically that of a gauge symmetry. Yet the operator 
in may admit a geometrical interpretation. Let us rewrite things to make this more apparent 

J d'e^x'x'Q^Q^, (2) 

where the tensor R^j-^i is the curvature tensor formed from the field-reparameterization connection 

= Drnr},,; T% = K'^'djKkn = K'%dAK, (3) 

where Dm = KifnD^ is a covariant derivative with respect to field reparameterization and Kifn 
is the Kahler metric. Thus, while an understanding of the form of this tensor in may not be 
possible in terms of the gauge quantum numbers of the fields involved, an understanding in terms 
of the isometrics of the manifold defined by the chiral superfields of the theory may indeed exist. 
This point has been emphasized recently for string-based effective supergravity theories 

In the absence of an underlying theory we typically proceed by making assumptions. For 
example, we can achieve the minimal supergravity paradigm by assuming the curvature tensor 
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factorizes as Rij]^£ oc K-^jK^^ and K^j oc [HlIZl. In string-based models there may be a basis in 
which the Kahler metric for the matter fields is diagonal in its generation indices [H]. This need 
not be the same basis in which fermion masses are diagonal, but this is the standard problem 
that all methods of SUSY breaking share. Then the question is whether higher order terms such 
as ^ are the result of terms at higher genus in the string loop expansion (and thus require a 
string-theory explanation) or are the result of field-theory loop corrections involving gravitational- 
strength interactions. In the case of the latter, the all-important matrix Rijj.£ can be determined 
from the tree-level theory. 

But the supergravity fiavor problem is often considered even more severe than the discussion 
above would indicate. As a non-renormalizable effective theory, supergravity models suffer correc- 
tions to their effective potentials that grow quadratically with some high mass scale. The structure 
of these loop-induced contributions to the effective potential is determined by the structure of the 
tree-level Kahler potential for matter fields. While these corrections come with a loop-factor rela- 
tive to the leading-order contributions, it has been noted that they are often also proportional to 
the number of light fields in the theory which can be quite large for string-based models. 

Thus, it is argued, it may not be sufficient to ensure the absence of dangerous terms such as at 
the leading order. As these terms also contribute to the vacuum expectation value of the effective 
potential, their presence has been conjectured to play a significant role in determining the vacuum 
configuration of light fields in the theory. 

In this paper we re-visit these issues, taking care to address them only after a proper (super- 
symmetric) regularization of the apparent divergences is performed. This important step has been 
completely overlooked in previous treatments of the phenomenological implications of quadratic 
divergences. In Section ^ below we exhibit the divergent contributions to the effective potential in 
a non-technical manner and discuss the importance of a proper regularization scheme. We intend 
for the treatment in that section to be accessible to the non-expert. In Section |21 we present the 
technical details, first of the quadratic divergences themselves in Section and then in Section [2. 21 
of the Pauli-Villars (PV) regulator sector we will use to cancel the divergences and render these con- 
tributions finite. In Section [2.31 we demonstrate explicitly how the supersymmetric regularization 
scheme allows for an interpretation of the loop corrections as a supersymmetric renormalization 
of the space-time metric and Kahler potential themselves. The reader uninterested in this level 
of technical detail can proceed directly to Section [31 where the phenomenological implications of 
these loop corrections for vacuum stabilization and scalar masses are treated. This section is largely 
self-contained, with only the occasional need to refer to certain key results from Section [2 
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1 Divergent Contributions at One Loop to the Effective Scalar 
Potential 



The effective potential at one loop for a generic theory is given by - JH] 

1 1 1 TW^ 

^i-ioop = ^0 + --^STtM^ ■AHn^ + -—STtM^ ■ + -—STiM^ " 1" -r^ + finite, (4) 

where we define the quantity 

STtM^ ^ J2{-lfJ^C{J^) m^, (5) 

i 

with rui being the (possibly field-dependent) mass of the state in the summation, and C{Ji) = 2Ji+\ 
for Jj < 1. The definition of the supertrace over the degrees of freedom in the gravity sector 
depends on the gauge- fixing procedure utilized JZj.^ The first term Vq is the tree- level (classical) 
scalar potential. The second quantity is, strictly speaking, the loop-induced "vacuum energy" 
in the limited sense that it is a contribution to the scalar potential that scales like the fourth 
power of the cut-off A with a field- independent coefficient. In any model where the spectrum 
obeys = 1 supersymmetry this coefficient vanishes identically. The third and fourth terms 
in @ are the quadratic and logarithmic divergences, respectively. These were computed for a 
general supergravity Lagrangian in J2] - and for specific heterotic string models with modular 
invariance in [Til HOI HI] • 

Before proceeding to the issue of scalar mass and flavor-changing effects in the low-energy the- 
ory, let us pause for a brief digression on the issue of vacuum energy in these theories. Given 
that we expect the masses of heavy fields in the theory to be on the order of the gravitino mass 
such that rrii ~ 7713/2, we might imagine that the quadratically divergent term in @ is providing 
a contribution to the vacuum energy in an amount (5Vi_ioop) — For consistency with 

cosmological observations (and for the sake of doing a meaningful phenomenological study of effec- 
tive Lagrangians) we are often at pains to engineer the vanishing of the vacuum expectation value 
{vev) of the tree-level scalar potential: (Vq) = 0. A straightforward interpretation of @ would 
seem to suggest that the one-loop contribution to this effective vacuum energy is generally positive 
and that we should therefore strive to engineer (Vq) < 0. This was the standpoint of where it 
was suggested that this contribution to the vacuum energy might compensate for the large negative 
contribution that typically arises in the so-called "racetrack" models of moduli stabilization. 
^For example C(|) = +4 in the gauge of ^1^1 that is used in the results quoted below. 
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It is certainly true that whatever mechanism Nature employs in ensuring a vanishing (or nearly 
vanishing) cosmological constant must do so to amazing accuracy; surely a phenomenological model 
of this mechanism (such as the minimization of some potential for a modulus which couples to these 
various contributions) must take into account these loop-induced terms. The presence of the loop 
factors in @ might suggest that these higher-order contributions are small perturbations on the 
result that causes the classical vacuum energy to vanish. But, as was pointed out in 0, the 
sum over multiplets implied in the supertrace brings a potentially large number into the one-loop 
contribution. For example, in a simple model with only chiral superfields, Nq Yang-Mills 
multiplets, and gravity we would have ^1 

(<^Vi_ioop) ~ ^STrA^2 ^ ^^^^2 _ ^^^2^^ ^ 2m2/2) (6) 

with the coefficient of the last term in ^ depending on the gauge-fixing prescription employed. 
For the MSSM field content (without right-handed neutrinos) these coefficients are A'^ = 49 and 
Ng = 12. For the much larger field content of a typical orbifold compactification of the -Eg ^ 
heterotic string we might have 300 or more chiral multiplets while the gauge multiplets are typically 
bounded with Nq ^ 65 

But the conclusion that this contribution is then typically positive is a naive one. In particular, 
the form of © implies a common cut-off for each term, whereas these cut-offs will vary from 
term to term and may be field-dependent. Indeed, only by employing field-dependent cut-offs can 
supersymmetry be maintained in the presence of loop corrections to the effective potential [23] - 
j26j . When the effective cut-off is field-dependent it is no longer correct to assume that Alg > m 
all cases. In fact, even if the effective cut-offs are constants, four-dimensional supergravity theories 
require a priori at least two subtractions to render the divergent loop integrals finite. In the context 
of Pauli-Villars regularization this is equivalent to requiring at least two sets of fields for every one 
light field. Proper regularization of the theory - which is to say, elimination of divergences - thus 
results in the replacement 

A^STVA^^ ^ STtfi^M^ ln(/i')??5, Vs = Y1 In A,. (7) 

q 

The quantity t]s is a coefficient that represents the uncertainty in the threshold for the onset of 
this new physics and rjq = ±1 is chosen to ensure finiteness of the effective Lagrangian. Note that 
we can define the quantity ^u^ = A^/i^, Ag > which represents the mass-scale of the new physics 
corresponding to each of the q subtractions (or PV superfields $^) that are serving as regulators to 
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the supergravity theory. For the case of regularization via Pauh-Villars (PV) regulators, which we 
win employ in the next section, these threshold factors can be computed in terms of the properties 
of the PV sector. The sign of the effective cut-off is determined by the sign of the factor r]s- 

It turns out that the cancellation of all ultraviolet (UV) divergences in realistic string-derived 
supergravity models requires at least 5 PV supermultiplets for each supermultiplet of the low energy 
theory [27]. The important point is that with four or more subtractions it is not necessary for the 
coefficient rjs to be positive.^ As this is an important point, let us take a moment to sketch its 
derivation. The cancellation of quadratic divergences imposes the following conditions on the 
sum over signatures 

S 

^r,, = -l, ^,?,A, = 0, (8) 
<7=i q 

where S > 2 is the total number of subtractions (PV superfields) . The first equality requires S odd: 
S" = 2n + 1 > 3. In the simplest case where S = 3, r]q = (—1, —1, 1), and Xg = (Ai, A2, Ai + A2), we 
have 

r]s = -Ai In Ai - A2 In A2 + (Ai + A2) ln(Ai + A2) > 0. (9) 
However for n > 1, 5* > 5, r/5 is not positive definite. To see this take the following example 

Ai---A„ = A/n, A„+i • • • A2n = A, A2n+i = A - nA . (10) 

Then 

r/s = Aln(A/n)-nAlnA-(A-nA)ln(A-nA) = A/(A/A,n). (11) 

Now since 

lim f(x,n) = —xlnn + nlnx + 0(x~^) (12) 

X — ^00 

is negative for n > 1, the function r]s is positive definite only for n = 1, S = 3. Cancellation of all 
the ultraviolet divergences of a general supergravity theory requires at least 5 PV chiral multiplets 
for every light chiral multiplet and even more PV supermultiplets to regulate the gauge loops. 
Therefore one cannot assume that the effective cut-offs are positive. 

In general, using a straight cut-off regulator is equivalent to an explicit breaking of supersymme- 
try and is thus inconsistent with the requirement that supersymmetry be broken only spontaneously 
by the vevs of fields in the low-energy theory. Rather, these cut-offs should be regarded as field- 
dependent. Indeed, it is the very field-dependence of these cut-offs that allows for the possibility of 
^See, for example, the discussion of this point in Appendix C of |28| . 
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a dynamical mechanism for cancelling the vacuum energy to arbitrarily high loop-order. We will 
discuss an example of this possibility, including the effect of the one-loop correction in Section 
below. Here we wish to briefly describe the nature of this field dependence. Supersymmetric Pauli- 
Villars regularization of matter and gauge loops^ is implemented by introducing supersymmetric 
masses for PV fields through superpotential couplings of the form 

T^PV = ^AB(^')^^n^, (13) 

where fiAB is a holomorphic function of the light chiral multiplets Z*. Then the effective squared 
cut-off is replaced by the (signature-weighted) squared PV mass matrix: 

Ae'ff - {Ml)i = e^KfK^^UaE{Z)HBD{Z). (14) 

By convention we denote by those fields that regulate divergences arising from the gauge and 
superpotential couplings of the light fields; their Kahler metric is determined by the effective 
supergravity theory of the light fields.^ The Kahler metric for the fields 11, introduced to generate 
supersymmetric PV masses, is much less constrained. For example if we took 

HAB = f^SAB, K^B = e~'^(-f^$^)ABJ (15) 

with /X constant, the effective cut-off would indeed be constant. This may seem like a very convenient 

choice from the point of view of the effective field theory. Considerations of the anomaly structure of 

the effective theory in string-based models may make such constant effective cut-offs inconsistent. In 

the effective field theory of heterotic orbifold models [291 l3Uj . for example, the anomaly structure 

does not allow for constant cut-offs 25 . Since superpotential couplings depend on moduli in a 

general string model, this is likely to be a generic feature of effective supergravity models which 

seek to describe their low-energy behavior. As we will see in Section |31 this dependence is crucially 

important for the low-energy phenomenology of supergravity effective theories at the one-loop level. 

We will have more to say about the implications of (|14j) in the conclusion section of this work. 

But there is a deeper reason why the cut-offs in @ should be regarded as field-dependent and not 

straight cut-offs. In addition to the substitution — > Mpy in the cut off theory, the presence of the 

superpotential 1)13^ induces additional terms in the regulated theory such that the net result of the 

quadratically divergent contributions is a renormalization of the space-time metric and the Kahler 

^As noted below full regularization of gravity loops requires the introduction of massive PV (Abelian) vector 
multiplets as well. 

^We will use upper-case letters to collectively denote the fields in the PV sector throughout this work. 



6 



potential itself. By simply inserting a cut-off in the divergent integrals one would not generate these 
additional terms that are needed for supersymmetry j2S| I26j . Put differently, the use of straight cut- 
offs breaks the local supersymmetry of the supergravity Lagrangian and prevents us from treating 
the renormalization at the superspace level. As will be made explicit in Section 12.31 below, the 
interpretation of the one-loop quadratic divergences in terms of renormalizations is valid only to 
lowest order in the loop expansion parameter e = h/lGn'^. If these terms have very large coefficients, 
all the leading (eAg^-j)" terms must be retained so as to maintain manifest supersymmetry; the full 
correct result is easily inferred from the one-loop calculation. 

Finally, let us note that nowhere do we make the artificial distinction between contributions to 
vacuum energy arising from "hidden" versus "observable" sector fields. Such a separation of con- 
tributions serves no physical purpose and creates confusion: any dynamical mechanism engineered 
in the low-energy theory to produce vanishing vacuum energy at the tree or n-loop level should 
take into account contributions to Q arising from all sectors of the theory, including effects from 
symmetry breaking at energy scales lower than that of supersymmetry breaking (i.e. electroweak 
symmetry breaking, the QCD phase transition, etc.), even though these will likely have negligible 
impact on the actual vacuum configuration of the fields involved. It is, after all, the entirety of 
vacuum energy that is constrained by the apparent flatness of the universe (or measured, if one 
likes, by the recession rate of supernovae). 

Having treated the issue of vacuum energy let us return to our primary concern: corrections to 
the scalar potential that may produce dangerous flavor-changing operators. Within the supertrace 
STtM^ of the quadratically divergent term in Q we find terms such as 

STvM^ B 2e-^Rf^A^ = 2R„^^f^K''^~^ K'^ K'^h^ {KpW + Wp){KqW + W^) (16) 

where we have introduced the notation A = e^W for later convenience. Several potentially dan- 
gerous contributions to the effective scalar potential are contained within (|16jl . among them a term 
with the structure of © 

^i-ioop 9 -^K"^''R^mjie''\W\')Q^Q^ (17) 

where the cut-off scale A is understood to be measured in units of the reduced Planck mass, which 
we have set to unity. While this cut-off is presumably 0(1) in these units, the loop factor is 
partially compensated by a potentially large number coming from the contraction on the first two 
indices in the curvature tensor in ()17() . This term in the one-loop effective Lagrangian has a form 
capable of producing an off-diagonal scalar soft mass term for the squarks, which may be of the 
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same general size as the tree- level (and presumably diagonal) soft masses |1U1 131j . In the most 
general supergravity theory we have no reason to expect that all elements of the curvature tensor 
are not populated. The question of whether or not such dangerous terms really exist in the low 
energy theory then becomes a question of the properties of the non-linear sigma model inherited 
from the underlying theory. 

2 Quadratic Divergences and Their Regulation 

Having established the crucial importance of the quadratically divergent contributions to @ in a 
schematic way in the previous section, we now wish to exhibit the full structure of these terms in a 
properly regularized context. In order to do this we will need to introduce the Pauli-Villars sector 
in a more complete manner. This section provides the necessary technical details to understand 
the notation and origin of the results we present in Section |31 This is not a complete description 
of the PV technique in supergravity theories. We will make certain simplifications (which we point 
out) along the way that are made possible by our desire to study the quadratic divergences only - 
a full treatment of the logarithmic as well as the quadratic divergences can be found in jl8l I19j . 

Regularization of supergravity theories is no simple matter. The work that we attempt to 
summarize here spans over a decade of research. Even the regularization of a simple system - such 
as a non-linear sigma model without Yang-Mills fields in a curved background - requires several 
species of PV regulator fields. The proliferation of fields, both in number and type, grows rapidly 
when we come to consider the string-inspired models in which we are most interested (such as those 
with non-canonical gauge kinetic terms in which Yang- Mills fields couple to a dilaton field) . This is 
an unfortunate yet unavoidable fact of working with supergravity effective theories. To guide the 
reader we first make a point about notation. In general, upper-case indices refer to fields in the PV 
sector, while lower-case indices refer to light fields of the theory. Fields such as the introduced 
in (|13() from the previous section are meant to represent all fields of a certain type: here all the 
chiral superfields $ of the PV sector which regulate loops involving light fields Z. Within this set 
we might refer to the fields as that subset that transform under the gauge group (s) in the same 
way as the field Z^, or the fields that transform as the adjoint under the particular group Qa- 
To each of these subsets (or species) we occasionally must associate multiple copies, labeled by 
Greek indices a, /?, etc. These are the multiple copies that mimic the multiple insertions needed 
to regulate the theory, as mentioned in Section^ We often suppress this index when it would be 
superfiuous in a particular expression, but it should be understood to be present. 
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2.1 The Quadratically Divergent Contribution at One Loop 

Our starting point is the one-loop effective action, which can be determined from those terms 
quadratic in the quantum fields when the Lagrangian is expanded about an arbitrary background 

= + + ^eZe(i - Me)Q + £gh + ^ch, (18) 

where the last two terms represent ghost and ghostino Lagrangians, respectively. The quantities ^ 
and Q are column vectors which contain the quantum bosons and quantum fermions, respectively, 
of the theory. For example, ^ = (h^i^, A"', Z*, Z ) contains the graviton, gauge and scalar 
quantum fields and is a 2N^ + 4:Ng + 10 component object. Similarly, with the gauge-fixing choice 
of - ^ni) is an A'^^ -|- A'^c -|- 5 Majorana fermion, while the ghost and ghostino contributions are 
equivalent to, respectively, —2 times the contribution of a (4-|- A''G')-component scalar and +2 times 
the contribution of a four-component scalar, such that supersymmetry of the off-shell spectrum is 
maintained. The matrix- valued covariant derivatives and Dq, metric factors Z$ and Zq, as 
well as the quantities and Mq are defined in . With the gauge- fixing prescription described 
in that work, the one-loop contribution to the effective action is 

A = '-Trln{Dl + H^)-'-Tr\n{-iPe + Me)+iTT\n{Dl^ + Hg^)-iTTln{Dl^ + HGh) 

= ^STrln(l)2 + +T_. (19) 

To obtain the second line of ()19|) we have split the fermionic contribution into a helicity-even piece 
given by 

Dl + He = {-I Pe + Me){i Pe + Me) (20) 

and a helicity-odd contribution T_ which contains no quadratic divergences. We will therefore 
neglect this contribution in what follows. 

If we were to explicitly evaluate the quantities in ()19() . using an ultraviolet cut-off A for the 
momentum integration in 

J d'^x A STY ln(p2 + F) , (21) 
we would obtain the quadratic divergence 

= ^g^STrH, (22) 

where the supertrace includes a trace over bosonic, fermionic, ghost and ghostino degrees of freedom. 
As we will be ultimately interested in effective Lagrangians describing superstring theories, we allow 



9 



for noncanonical gauge field kinetic energy by coupling the Yang-Mills sector of the theory to a 
holomorphic function of chiral multiplets via the gauge kinetic function fab = ^abf with / = x + iy. 
Then the quadratically divergent contributions from the (gauge fixed) gravity sector, the chiral 
multiplets and the (gauge fixed) Yang-Mills sector of internal symmetry dimension Nq are 



STtH^ = 2N^(v + e-^AA-K)+^V + -VaDi{T''zy-2R,^(e-^A'A^ + V^z'V>'z 
STtHym = ^T+'^VaV'^ + ^F-^,Fr-^e-^UpA,A^-^{d,xd^x + d^yd^y). (23) 
The tree-level scalar potential is given hy V = V + T> with 

V = e-^ (A.a' - 3AA) ; V = ^VaV\ Va = Ki{T''z)\ (24) 
Combining all of these we get the total light field contribution 



L + 2(Ar _ 5)y - {N^ - i)-p,p" + 

1 X X 



STiH = -{N^-Ng-7)- + 2{N^-5)V -iN^-l)-VaV'' + -VaDiiT^zy 



+2{N^ - 1)6-'' AA - 2{R,rn - 2Kirn)V^z'V>'z"' - 2R,rne-'^A'A 



^e-'^hPA.A' - -4 {d^xd^x + d^yd^y) , (25) 



which we can write in a slightly more compact and suggestive manner^ by writing fid^z^ = id^x + 
idf,y and by noting that F' = -e'^/^A^ = -e'^/^K^'^Afn: 



STrH = -{N^- Ng-7)^-8V + (28 - iN^)e-'^AA + 2Kifh \2V^z'V^'z^ + {N^ - 5)F'F 

-2 {^^fiffn + Rirn^ {V^z'V^Z^ + F'F^) + ^PaA(T"z)\ (26) 

Note that by making the following identifications 

e-^AA) = ml/,; l^^F^F^^ = ml^, ■ l^K^e'^ AA - R%^F^) = in?)) (27) 

we recognize a contribution to the vacuum energy analogous to that given in Q. 

^In arriving at 12511 and 12611 we iiave corrected some errors in expressions found in |18II26| . These corrections are 
summarized in Appendix B and can also be found in |32l I33| . 
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A subset of these terms were considered in JU] where the potential impact on soft terms was 
investigated. Yet the one-loop Lagrangian (|22|) . with traces given by (|2H|) . is not yet in a suit- 
able form for extracting information on the resulting low- energy theory. Most obviously, the loop 
contribution to the Einstein term in the gravity action 

r 

-, + ■.. (28) 

indicates that the theory cannot be consistently expanded about a flat metric until a Weyl rescaling 
is performed to render this term canonical. But this straightforward concern is not the only one. 
We expect our supergravity theory to represent merely an effective Lagrangian, completed at some 
high energy scale by an underlying - and presumably finite ~ theory, such as string theory. Thus, 
the apparent divergences must be rendered finite by the inclusion of an appropriate regulating 
sector (with typical mass scale /i as in ((T))) before any low-energy phenomenology can be com- 
puted j23j . Low-energy results will depend on the r]s and this can only be obtained by employing 
a regularization scheme consistent with local supersymmetry (as well as the known symmetries of 
the underlying theory). That is, the coefficients of the quadratically divergent terms are unreliable 
in the absence of a manifestly supersymmetric regularization procedure. 

2.2 Rendering the Divergence Finite a la Pauli-Villars 

We now return to H19|l but this time we include in the traces the contributions from a Pauli-Villars 
regulating sector [SHI 021 OHj ■ We separate the effective PV mass into two contributions 

Mp\ = i7pv(0) + '^^^= Fpv + + (29) 

The first contribution, Hpv{(j)), is the analog to the objects labeled H for the light fields of the 
theory. It is a field-dependent quantity for which any mass scale is only implicit, via the vev of one 
or more light fields. But in addition we have true supersymmetric mass terms {i.e. terms that arise 
from superpotential couplings) that we introduce as well.^ We assume these masses to represent 
the scale of the UV-completion of the supergravity theory, and thus ~ /u^ » Hp^ ~ H. 

^While these terms have exphcit mass scales associated with them, they may still retain some residual field- 
dependence. For example, maintenance of modular invariance in the regulated low-energy theory will often require 
that these mass terms have some Kahler modulus dependence. 



c 



A' 



327r2 



{N^ -Ng-7) 



11 



Combining the field-dependent contributions of tlie liglit and lieavy (PV) fields, we define the 
matrix H' = H + H^^ and now re-express the integral (|21|) with these contributions included 

= ^ / dV STr In (p" + H' + + u) . (30) 

Expanding the logarithms in (|3fl|) in powers of {H' + v^jij? + /i^), and using the fact that K' <^ 
ly <^ fi^ with Tr = 0, the momentum integration can be performed. Requiring that the coefficient 
of the A'^ term (the quadratic divergence) vanishes implies that 

STr(^2) ^ grjY^/ ^ (31) 

while requiring the coefficient of the In A-^ term (the logarithmic divergence) vanishes implies addi- 
tional conditions |2t)[l32llHH] . The vanishing of STr(//^") is automatically ensured by super symmetry. 
Once all conditions are satisfied, the momentum integration is rendered finite and the resulting one 
loop contribution is now proportional to the square of the explicit PV masses in (|29() 

Sr° = -/^^/9STY[(2/z2i/' + z.2)ln/.2] +0(ln/.2). (32) 

To obtain the explicit forms of the matrices Hpy, /i and v we must specify the Pauli-Villars 
field content. The regulation of matter and Yang-Mills loop contributions to the matter wave 
function renormalization requires the introduction of PV chiral superfields = <&^, <I>", which 
transform according to the chiral matter, anti-chiral matter and adjoint representations of the 
gauge group and have signatures rjp = — 1,-|-1,-|-1, respectively for modes p labeled collectively 
by P. Note that full regulation of the theory requires a copies of chiral fields with the same 
gauge quantum numbers as the light fields Z*. These fields couple to the light fields through the 
superpotential 

^($^, Z') = ^Y1 Wij{Z^)^i<5i + ^/2 ^ <I>'^$i(r,Z), + • • • (33) 

a a 

where is a generator of the gauge group Ga- The Kahler potential for these fields can be written 
in the general form 

i^($^,¥^) = 4^$i$f + ^f^$iC + ^tm' (34) 

where the functions are a priori functions of the hidden sector (moduli) fields. The PV mass 
for each superfield is generated by coupling it to another field 11^ = (11^,11^,11°) in the repre- 
sentation of the gauge group conjugate to that of <I>^ through a superpotential term 

TV™ = E/^^'Q(^")^^n«' (35) 
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%l : 




- K"^ - 









where iipq{Z^) can in general be a holomorphic function of the hght superfields. This is the origin 
of the expHcit ^ and z^-dependent mass terms in (|29|) . 

These regulator fields <I>^ must be introduced in such a way as to cancel the quadratic diver- 
gences of the light field loops - and thus their Kahler potential is determined relative to that of 
the fields which they regulate. Specifically we have 

K - 

K'^ , (36) 

where ga is the (possibly field-dependent) gauge coupling constant for the gauge subgroup Ga- 
There is no similar constraint on the Kahler potential for the fields 11^, but this uncertainty plays 
no significant role in an examination of the contributions to the scalar potential in which we are 
interested J For concreteness, in the following we set 

_ 2 {a--l)K 

To regulate the quadratically divergent terms arising from the non-canonical nature of the gauge 
kinetic energy - such as the last term in H25|) - we will here take a very simple PV sector in which 
we add Ng chiral multiplets ip" for each gauge group factor, with a universal Kahler potential 
coupling 

K{^,lp) = ; C = {f + 1) = 2g-,l, (38) 

where f = x + iy is the field-dependent coefficient of the gauge kinetic function introduced earlier, 
and Qa = SsTR at the string scale. The supersymmetric mass term for this set of fields arises from 
the following term in the superpotential 

W((^") = i^A^>")2. (39) 

If we were to consider logarithmic divergences, including dilaton-dependent terms that arise from 

gauge loops, we would introduce a different set of chiral superfields with different Kahler potential 

couplings jSSl, but this is sufficient for our purposes. 

^See, for example, |34l 135) for the impact of these fields on logarithmic contributions to the one-loop scalar 
potential. 
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In addition to these chiral superfields, the regulation of the term in (|26() proportional to the 
curvature r requires the introduction of gauge multiplets W'' with signature r/*. As these 

regulator fields must have a supersymmetric mass, we must introduce a chiral superfield = e^'', 
with the same signature, which will eventually form a massive vector supermultiplet with the 
fields. The Kahler potential for these chiral fields is given by 



(40) 



This Kahler potential has an invariance under this U{1) for which the field has charge Qb^bc and 
where ScOb = iqb^bc- The corresponding D-term 



Vie, 



1 



—VbV^ ■ Pfe = V K,5be'' = i{e^ + y )qbe-"" Vb 

Xb r 



(41) 



vanishes in the background (where we set all Pauli-Villars fields to zero), but the combination 



3^ + 6^)/\/2 acquires a supersymmetric squared mass 

= ^'ie^'^ub 
2xb 



(42) 



which is equal to the mass of the vector superfields Wb, with which it forms a massive vector 
multiplet in accordance with the Higgs effect.® 

Having collected all the elements we need for regulating the quadratic divergences we can 
compute the Pauli-Villars contribution to the supertraces, and thus H' = H + H^^: 



STrH' 



2V 



+2e-^AA 



^'x 1 + E^" +E^^'(l-3«p)+E^f(l-3«f.)-l 



^x(l + E^")+E^^-7-A^G -2i?.^( 

\ a / p J 

+2 (^KirnV^z'V^'z^ - 2V) (^2 - E "^P^P - E ^"fc) 



1 + E^a 



1 
2^2 



MrnFF^ + ^ [d^xd^x + d^yd^y) 



(43) 



^Xh — Kefb{z), where fb{Z) is the gauge kinetic function for W''. Regulation of logarithmic divergences from both 
dilaton and gravity loops requires fields with both fb{Z) — constantxS* and fb{Z) — constant. This in unimportant 
here and for simplicity we take fb{Z) — constant. 
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where the summation over the index P is a shorthand for summing over ah of the fields <I>", , 
and 99". Note that ap = when P represents the field Now given that (|4,''{j) is the 
coefficient of the quadratic divergence in H32|) it is natural to insist that each term in the expression 
be separately vanishing, as required by (|3H) . That would imply the following relations among 
signatures and Kahler factors a: 

= l + ^ry^ = ^r/p + ^%-7 = ^r/p-7-iVG = 2-J2r]pap-J2w = Ng-Y.^^- (44) 

a p b P P b a 

This is certainly reasonable in the case where one considers only the quadratic divergences of the 
theory, as in ^^1; since an off-shell regularization is possible in this case. That is to say, the theory 
can be regularized even in the case where the Einstein term is not canonically normalized, as is 
clearly the case for the curvature term in H43() . However, in a complete treatment that includes the 
logarithmic divergences it is necessary to do a Weyl rescaling at this stage prior to imposing the 
constraint of ()31() . More specifically, a Weyl transformation removes a term proportional to the 
linear combination + KimT> ^z'^V^^z'^ — 2y, which vanishes on shell due to the graviton equations 
of motion. Thus we are only requiring on-shell finiteness. Of course, in this case the vanishing 
of the logarithmic divergences will impose additional constraints on the signatures r/ and Kahler 
factors a. 

Having imposed these constraints, we are now in a position to evaluate the terms quadratic 
in the Pauli-Villars masses in ()32|). We can simplify the expressions by factoring out of the mass 
terms any dependence on light fields via /ip = (3p^p{z) and V}, = Xb(/3^)^|/i6i(^)p. Without loss of 
generality we will set = 1 in (|I2]) and take = a#, at = ag and [3h = (3e to be independent of 
a and b, respectively. Then the relevant terms are 



-K 



AkijA'^'^A^Am - {AijKA'''A'A + h.c. ) - —-Va{T''zyAuKA' 
(AukA'^ + 2Rg,je-''AKLA'''] 



-V^z'^V^'z'ialKrn + drn InJlMKi + Oi lujlg) 

-alKirn (v^z'^V^'z' + A'^a') + 24v] , (45) 

where we have already inserted the explicit matrix elements for the 9^ fields. The upper-case indices 
then represent each of the fields we had labeled with P in (|43|) : the as well as the (p fields. 
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Lower-case indices refer to light fields and indices of both types are raised with the inverse metric 
for the appropriate field. For completeness we collect the relevant matrix elements for all the fields 
below: 



E^-K A -AiKa){Ja) „^a' K{l-ac) T^iH R ,X 



I,J 



^{Ia){Ja)k = [(1 - "a) - dk In/x] A(/a)(Ja) " ^ii^(La){Ja) 



E 

J 

A 



e A{Ia)(Ja) 



(Ia){Ja)k 
-K 



{ttaKk + dk In/i) A(7a)(Ja) 



Aabi = - ("a + di In Aab 



1 



Ki dilnij,^ 



X 



A 



a/3 



Xb 



c,d 



Abe = ne^'^Al = ne^"" \a - {afKrn + 9^ \nTig)A^ 



"Jbc- 



(46) 



The relevant terms for the scalar reparameterization connection T and the associated Riemann 
tensor R are given by 



\^^){JI3),kfh 
{Ro)bdifh 



iru)tk + o^t^bKk = 5t {Kk - dk \nga) 

-{RuTbkfn + O^t^bKkrn = 5? (^fe " dfndk In 5a) , 



A J a) 



<^>{ip),km. 



y-^n'(Ji3),kfh 



2x' ^ f'oiifh — "a 



a. 

4x2 ' 



(47) 
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2.3 Renormalization of the Kahler Potential 

These, then, arc the terms quadraticahy dependent on the (presumably large) cut-off scale /ipy. 
We now have the necessary ingredients to study the phenomenological implications of these terms. 
Before turning our attention there, however, it is instructive to consider how these terms can 
be grouped into a renormahzation of the space-time metric and the Kahler potential itself. Let 
us define the (field-dependent) effective cut-offs in terms of the Pauli-Villars mass terms in the 
following way 

-^i . e(i-"«)-^if^^|/3«/xp = (/3«)2A2 
: 2e-"'^^|M2^ (/3„)'a2 
^aj^a . 2e-"*^|/3*/x$|2 = (/3*)2A| 

0" : 2e<^^\(3t^^e\'^{Ptf{Ky■ (48) 

With this compact notation the quadratic dependence on the PV mass can be easily grouped into 
a correction of the Kahler potential and space-time metric. In other words, defining Sq + Si = 
/ d*^x {Co + jCi) we have 

£o{g%,K)+£i=£o{g,.u,K + SK) , g^,, = g^^i.! + e). (49) 

The above expression involves a summation over effective cutoffs Ap that runs over all the heavy 
PV modes p labeled by P 




where 

Ap = E<(/3pTln(/?pT (51) 
p 

sums over the various species within each class, and the coefficients ( and (' are given by 

$^ : = 1; Ci = l 

: Ca = i; C = i 

: c^ = i; c; = i 

0' •■ a = -4; a = 0. (52) 
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These are precise expressions for the quantities ahuded to in equations in Section ^ above. 
Let us see how the identification in (|49|) and (|5())1 comes about through an exphcit construction. 
Define the quantity K = K + 5K where 



5K = Y^ 5Kp, 6Kp = CpXp 



1 



327r2 327r2 



P p 
and the field dependence of the cut-offs in (|1H|) is here represented by 



The content of H49|) can be expressed as an expansion in 5K as follows jl9j 



(53) 



(54) 



1 



V " 



6Ki 



+ h.c. 



(55) 



P V 

To determine the values of the various it is necessary to take covariant derivatives of the 5kp. 
Using the fact that the metric is covariantly constant: DiK^'^ = 0, and the relations 

Aijk = DkAu = dkAij-T^kALj-T^j^AiL, Dk{e'^Ajj) = Q, 
e ^ {KkrhAij — Rfk^A^j — Rji^j^AjL), 



Drnie-'^DkAij) 



(56) 



we have for P ^ 6 



6kp 
Dk6kP 

DfnDkSkP 



P'pAl = e-^AjjA'' 

5kl = Dk{e'^AijA'')p = e-''{AijkA'')p, 



^k^ 



e'^'iAijkA'^ +KkfnAijA"' -2R'ik^ALjA"'\ 



(57) 



From (|55|) it is clear that the factor tp for P ^ 9 \s given by 



-e-^(^/jA") V + e 



-K 



AijkA'^ + [k.^AijA'-^ + 2R^^jAljA'-^ 



1 



-|e-^(^,jfc^") 
which is the same as the first 3 lines of ()45p with 



+ h.c. 



(58) 



V = Kir^F'F 



3m 



3/2' 



F' = e 



ml/2 = e ^AA. 



(59) 
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The same calculation for P = 9 is only slightly more complicated. In this case 



dkSk'' 
dfadkSk'' 



6ki 



6k' 



km 



(alKk + dk In fj.g'j {afKrh + dm In /xg) + alKkm 



6k' 



SO that the corresponding ij, is given by 



6k'' 



(60) 



e,/6k' = -v + Rim (v'^z'^v^z'^ + F^F^) + r^^r^^ (p'^/p^z™ + f^f^) 

1, 



bk 



From (|48(1 and the definitions in H46|l we have 



h.c. 



6k' = K,-,\6ke'^^ 



Xb 



(61) 



(62) 



and after some algebra the entries in (|6H1 can be identified with the final three lines of (|45)) . 

Finally, as emphasized above, the effective one loop action given in (|49j) respects supersymmetry 
only to lowest order in the loop expansion parameter e = ?i/167r^. More precisely if g^^^ and 

= K + 5K are the fully renormalized metric and Kahler potential, then (|49|) can be written as 

Ctreeig^'^K^) = Aree(5, ^) + A-loop + 0(e In A^g) + ©(e^), (63) 

where the leading and Nq corrections that give potentially significant contributions to the 
effective potential at one loop are 



6K 



1 



(64) 



If the coefficients of the various A^ terms are of order unity then in order to preserve local super- 
symmetry of the Lagrangian we have to retain all terms that follow from the correction H64|) to 
the Kahler potential; this amounts to summing leading terms in (eA^A^)" and (eA'cAg)", with the 
result of the sum just giving a correction to the Kahler potential as dictated by local supersymme- 
try. 
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3 Phenomenological Applications in String-Based Models 



In the preceding sections we demonstrated how the leading one-loop correction to the scalar po- 
tential, which is quadratic in the cutoff, is obtained. The explicit form of this correction was given 
in H26|l and shown to be of the general form of ©• We then added a supersymmetric regulating 
sector to the theory in the form of a set of massive Pauli-Villars regulator fields. These add new 
contributions to the one-loop effective potential, rendering the divergent contributions finite. For- 
mally divergent contributions to the one-loop Lagrangian are now replaced with terms proportional 
to the square of various field-dependent mass terms. The combined contribution is given in ()45() . 
providing an explicit realization of the subtractions mentioned in ((TJ. 

While it is possible to work directly with the (regularized) Lagrangian represented by (|45j) . 
doing so ignores the great power of working with a supersymmetric regulating sector - namely, the 
ability to treat the quadratically divergent corrections as a renormalization of the Kahler potential 
itself. This correspondence, as written in ()55() . was demonstrated in Section 12.31 In this section 
we will take the renormalized Kahler potential of (|53|) as our starting point in looking at the 
phenomenological implications of these corrections on vacuum stability and scalar mass terms. For 
most of this section we will be interested primarily in those terms that involve fields connected 
with the gauge-charged chiral matter of the light spectrum. The relevant corrections to the Kahler 
potential are therefore those of (|57jl , and we will make use of the relations in (|56|) . 

3.1 Vacuum Energy and Scalar Masses 

As a first example, suppose that the effective cut-offs are field-independent constants. In this case 
the quantum corrected effective potential is just 

V,ff = V + e^+'^^(F^K,^-r'-hM\A , (65) 

V <J / tree 

where M is the auxiliary field of supergravity whose vacuum expectation value determines the 
gravitino mass through the equation of motion M = —Se^^'^W . In particular, if supersymmetry 
breaking is F-term induced, i.e. (2?) = 0, then the tree level condition F^Ki^F^ = ||Mp for 
vanishing vacuum energy is unmodified by these quantum corrections. In other words, even after 
including all quadratically divergent contributions to the one-loop effective potential (with a proper 
supersymmetric regularization) , the vacuum energy will continue to vanish provided {Vtree) = is 
satisfied. 
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In some circumstances this simplification can be achieved. For example it was shown in |^ that 
the masses of PV fields that regulate the (logarithmically divergent) untwisted matter loop correc- 
tions involving renormalizable couplings can be made constant (and thereby modular invariant). 
However not all masses can be constant and modular invariant. Regulation of quadratic and loga- 
rithmic divergences requires (for example) some masses proportional to in the matter + gravity 
sector and proportional to = (s + s)/2 in the gauge + dilaton sector. Modular invariance of 
the one-loop corrected Lagrangian then requires either that terms proportional to cancel in the 
supertrace implicit in H53|) . or that the mass terms in the PV superpotential have a T-dependence 
that restores modular invariance; the latter would be interpreted as a parameterization of string 
loop threshold corrections.^ Thus we generally expect some modification of the effective potential 
for moduli in string-based effective supergravity theories, as was anticipated by 

For concreteness, in the remainder of this section we consider the BGW model |361 13 7j for 
gaugino condensation, in which dilaton stabilization was achieved |381 139j by invoking nonpertur- 
bative string |4U[ I41j and/or QFT [421 143j corrections to the dilaton Kahler potential. In order to 
implement the correct Bianchi identity for the gaugino condensate composite superfield - as well 
as the Green-Schwarz (GS) anomaly cancellation mechanism - it is much more convenient to use 
the linear multiplet formulation for the dilaton, as was done in [361 137j . In j35j the results were 
recast in the more familiar language of the chiral multiplet formalism, with the effective tree level 
potential below the scale of condensation taking the standard form V = F^KimF^ — ^MM with 

M = ^bcu, = -^K-l (^1 - '^bcKs^ u, (66) 

where u is the vacuum value of the gaugino condensate. The quantity be is the beta function 
coefficient of the condensing gauge group Gc- 

bc = -^,(^^C^-j:Clj, (67) 

where Cc and C* are the quadratic Casimirs in the adjoint and matter representations, respectively, 

of Gc- The BGW model is explicitly modular invariant and the Kahler moduli are stabilized at 

self-dual points with vanishing auxiliary fields: ^^"^'^ = 0- Supersymmetry breaking is therefore 

dilaton-dominated and the condition for vanishing vacuum energy at tree level in the effective 

®There is a residual noninvariance associated with terms logarithmic in the PV masses that is canceled by the 
Green-Schwarz term. 
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theory is 






(68) 



3(1 - 1 {Ks) 




Classically, 



2 {Ks) 




1 



(69) 



2 



where ^'str is the value of the gauge coupling constant at the string scale. The last approximate 
relation in H69|) can be inferred from low energy data extrapolated to high energy scales through 
renormalization group (RG) evolution. 

The model is both phenomenologically 01] and cosmologically [451 146j viable if be ~ .05-. 06, so 
it is clear that H68|) cannot be satisfied without invoking nonperturbative string effects that modify 
the Kahler potential for the dilaton. The suppression of the vacuum value (^K^^'j with respect to 
its classical value implied by H68|) has the effect of enhancing the dilaton mass, which is a welcome 
feature for modular cosmology. However it also entails a suppression of gaugino masses relative to 
scalar masses, which increases somewhat the fine tuning problem of MSSM phenomenology j47j . 
The problem is exacerbated [481 149j when a D-term arising from an anomalous U{1) is included. 
Except in a class of models in which the preferred vacuum configuration minimizes the number 
of large vevs ((/>"), a further suppression of the dilaton F-term is required to maintain vanishing 
vacuum energy at tree level. In this case a large, positive constant value of AK in (|65() would be 
welcome. In addition there are dangerously large and potentially negative D-term contributions 
to squark and slepton masses unless —Ks is considerably larger than its classical value, thereby 
calling into question the validity of the weak coupling approximation for these models [421 l5Uj . 

Now let us consider the possible impact on the dilaton potential of field dependent effective 
cut-offs of the type discussed above. With the Green-Schwarz term included modular invariance 
dictates a renormalized Kahler potential of the form 



where VcsiT + T) is the Green-Schwarz term and f{T,T) is a function with a well-defined transfor- 
mation property under modular symmetries that assures modular invariance of the second term. 
The loop-induced terms proportional to e may not be negligible if c^,cg ~ N-^,Ng, respectively. 
Since the theory is still modular invariant we expect that the moduli are still stabilized at self-dual 
points, where the additional contributions to F-^' induced by these quantum corrections vanish. 
Setting the T-moduli at their vevs, defining 



K« = K + iec^/(r,f)e 



K 



AecG 



K + ^ecJ{T,T)e'' - lecGg^Zj), (70) 



S + S-Vc 



GS 




(71) 
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and setting the matter fields to zero, the renormalized potential and its S'-derivatives read 

= k + ^{c^e^-AcGgl^), k = k{2g-^l), K§ = Ks (^1 + ^c^e^^ + ecagj^^, 

Kis = Kss{l+'^c^e'') + '^{Krc^e'-CGgQ. (72) 

The condition for vanishing vacuum energy is still given by H68() but with the replacement K — > 
K^. The relevant parameter for particle physics phenomenology is now the vev of l/K§§, which 
remains strongly suppressed with respect to its classical value since Kg is negative semi-definite.^'' 
Therefore the salient phenomenological features of the BGW model are essentially unaffected by 
these quantum corrections. 

On the other hand, could these corrections lessen the need to invoke rather large nonperturbative 
effects, especially when an anomalous U{1) is incorporated? A large negative value of cq or a large 
positive value of c^^ would increase —Kg and decrease 1/K^^ for fixed g'^^^ ~ 1/2, which is the 
desired effect. One can reasonably assume that \cg\ < Nq < 65 ~ 0.4e~^ in typical orbifold 
compactifications |22j . so a significant effect cannot be obtained from the second term in (|70|) . On 
the other hand A'^^e ~ 2 for typical orbifolds. Quite generally we have 

f{t,t) = llMn\\f+tT% {\ri{f)\\t^ + P)) « 1, (73) 
i 

where the last approximate equality holds at a self-dual point. In this case if Cy- ~ and e'^ ~ 1, 
it might be possible to somewhat alleviate the above-mentioned difficulties of condensation models. 

One would also expect corrections to the Kahler potential to affect the overall size of scalar 
masses (we will address the off-diagonal structure of these masses in the next subsection). In the 
condensation models (with or without an anomalous U{1)) considered here the scalar mass terms in 
the effective potential arise from derivatives of the Kahler potential, and the Kahler metric factors 
out of the normalized squared mass if the Kahler potential is of the form 

K = k{S, S) + g(T, f)+J2 f^aiT, r)|$'^|2 + 0{^^). (74) 

a 

If the second term in (|7()|) is present, the Kahler potential is no longer separable as in (|74j) . and the 
F-term in the potential takes the form (again setting the moduli at their self-dual points) 

Vf = K^glF'^f + Kj^j^F^f^ + (k^jF^F^ + h.c.) , = ^K^K-^. (75) 

^"The relation £ = —Kg holds at any given order in perturbation theory, where £ is the dilaton of the dual linear 
multiplet formalism. 
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The wave function normalization factor Ka/(1 + 2^ce ) again cancels, and - neglecting the third 
term in (|7())1 - we obtain for the squared mass of the canonically normalized gauge-charged scalar (j)"' 



rriia 



36 
36 



1 + 2^^^ K^- - ^^^^ 



1 + 



ss \ ss 



1-U,K§ {3(1 -U,K§) 



^ b 

+ -J2<l'aD,, (76) 



where in the last expression we used the vacuum condition H68() . Even if c^^ ~ 1, these corrections 
are subleading if be <^ 1. 

The primary conclusion of this section is that the only practical effect of the leading N-^,Ng 
quadratic divergences in this particular concrete example is a possible re-interpretation of the 
modification of the dilaton superpotential, needed for stabilization, in terms of a combination of 
string nonperturbative effects and quantum field theory perturbative effects, as opposed to only the 
former. We note the importance of the supersymmetric regularization in allowing an interpretation 
of the quadratic contributions to the dilaton effective potential in terms of renormalization of the 
Kahler potential as in (|7U() . This interpretation made it possible to quickly see the muted impact 
of these terms, even in the case of large cq and c^.. 

3.2 Potential Off-Diagonal Scalar Mass Terms 

To address the question of what constraints are needed to avoid experimentally excluded flavor 
changing neutral current (FCNC) effects, we first note that the tree potential of an effective super- 
gravity theory includes a term 

Vtrec 3 KiKjK'^\W\\ (77) 

So prior to any discussion of large loop-induced contributions to flavor-changing operators it is 
necessary to ensure their absence at the tree level. The observed suppression of FCNC effects thus 
constrains the Kahler potential already at the leading order - to a high degree of accuracy we 
require that 

KiKjK'^ ^ {f{X,X)) ^f^r^f, (78) 

where /, /' are flavor indices, a is a gauge index, (p'j any standard model squark or slepton, and X is 
a singlet of the Standard Model gauge group. For example, in the no-scale models that characterize 
the untwisted sector of orbifold compactifications, we have 

KiKjK^^ = 3 + KsKgK^^, (79) 
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which is safe, since Kg is a function only of the dilaton. The twisted sector Kahler potential is 
known only to quadratic order: 

Kt = Y. e^"(^+^)|cl>?.|2 + 0(cl>3), (80) 

a 

which is flavor diagonal and also safe. The higher order terms in ()8U() could be problematic if 
some (f)"" = X"" have large vevs {i.e. within a few orders of magnitude of the Planck scale). Thus 
phenomenology requires that we forbid couplings of the form 0j(/)j,_^j|</)jl pX^^ •••X^", n < N, 
where is chosen sufficiently large to make the contribution (x^^ ■ ■ ■ X^" ^ to the scalar mass 
matrix negligible. 

The quadratically divergent one-loop corrections generate a term 

^i-ioop B e^KiKjR'^\W\^, R'^ = K'~^R-^iK^l (81) 

where Ri^ is the Kahler Ricci tensor. The contribution H81|) simply reflects the fact that the leading 
divergent contribution in a nonlinear sigma model is a correction to the Kahler metric proportional 
to the Ricci tensor (whence e.g. the requisite Ricci flatness of two dimensional conformal field 
theories). Since the Ricci tensor involves a sum of Kahler Riemann tensor elements over all chiral 
degrees of freedom, a large, order N^, coefficient may be generated. For example, for an untwisted 
sector U with three untwisted moduli T* and Kahler potential 

3 3 __ ^" 

i^^ = ^i^" = -^ln(r" + r"-^|$^|2), (82) 

n=l 71=1 a=l 

we get 

i?rj=(A^n + 2)ir^-. (83) 

While this contribution is clearly safe, since the Ricci tensor is proportional to the Kahler metric, 
the condition that the tree potential be FCNC safe does not by itself ensure that ()81() is safe 
in general. For this we require in addition the absence of Kahler potential terms of the form 
(t>°f(t>°fi^f\(t)'fii\'^{X^)'^-^ . On the other hand, if the Kahler metric is FCNC safe due to an isometry, 
the same isometry will protect the Ricci tensor from generating FCNC. 

For example, the scalar metric gij for the effective pion Lagrangian is dictated by chiral SU{2)l x 
SU{2)ji; there is a unique form of the two-derivative coupling: 

9^J = + (84) 
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for a particular choice of field variables. Preservation of this symmetry at the one-loop level 
assures that Rij oc gij. Similarly, the kinetic term derived from the Kahler potential (|82|) possesses 
an Y\n=i SU{Nn + 1, 1) symmetry that is much larger than the SL{2,R) (or possibly[S'L(2, i?)]'^) 
T-duality symmetry of the full Lagrangian, and we obtain the result H83() . More generally, in 
effective supergravity from string compactifications there are a number of selection rules and/or 
symmetries that forbid superpotential couplings that are allowed by gauge invariance and the T- 
duality invariance group (see for example jSI])- The Kahler potential has not been investigated in 
similar detail, but a priori one would expect an analogous pattern. In the absence of input from 
string theory one can work backwards and ask: what constraints does phenomenology impose? 

We first note that there is a large class of models in which FCNC are suppressed independently 
of the details of the structure of the Kahler potential, provided the moduli are stablized at self 
dual points. The supersymmetric completion of the potential in any given order in perturbation 
theory yields (in the absence of D-term contributions) the scalar squared mass matrix 

(m^);. = 6]ml, - (r),^) F'^T, (85) 

where -Rj^^ element of the Riemann tensor derived from the fully renormalized Kahler metric, 
and -F* is the auxiliary field for the chiral superfield evaluated by its equation of motion using 
the quantum corrected Lagrangian. Since the latter is perturbatively modular invariant, the Kahler 
moduli are still stabilized at self-dual points with ^F*' ) ~ ^' Classically we have R^gg = where 
the indices a, h refer to gauge-charged fields in the observable sector. This need not be true at 
the quantum level. For example, if, as suggested in (|7Uj) . the quantum correction to the Kahler 
potential includes a term 

= ^STrA^ 9 ^e"^, (86) 

we get 

Rts,) = 5?|^a2e°^ {Kg-g + aKgK,) , (87) 

which is flavor diagonal, and therefore FCNC safe. 

To consider more general situations, let us write out the elements of the renormalized Kahler 
Riemann tensor 

fyi n - ^V^n-P- K'^^ 

^jkfh — ^m'- kj — ^ -i-^m-L nkj — ^ 



fl- V- — V' V- 
'-'m^ nkj ^ mn^ rkj 

DrvXnkj + i^rhn ~ ^ fhnj ^fkj 



^nkj — dkKnj — Tnkj + diSKnj — Tnkj + DiSKnj + T^^j5Kni, 
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with the inverse metric given by 

j^in ^ j^in _ K'P5KpiK^^ + OiSK"^). (89) 

The potentially dangerous terms in H85() can then be extracted from consideration of H88() . for which 
we have 

^kfn = R)kfn - K'^5KnlR]kfh + K'^DrnDk5Knj + 0{6K^), (90) 
and the auxiliary fields for the chiral superfields, given by 

pi ^ (W_ + wKj^ =F'(^1 + - K^^KjkF^ + e^^^K'^KjW + 0{5K^). (91) 

Then the second term in ()85() is given by 
(m|);. = -^k^F^T 

= -R^^F'F^ + + RTnF'F'^^Kir-a + R'^^F^F^dKi^ 

+R)kfnF''F^K'''6Kin - K'^F^F^ DrnD,5Kkn + 0{5K^). (92) 

Let us investigate the consequences for the following simple Kahler potential 

K = g{M,M) + J2fa(.M,M)\^^\^ + 0{^^), (93) 
a 

where M, M represent chiral superfields of the hidden sector (such as moduli in a string construc- 
tion) which are SM gauge singlets, and we have chosen a basis in which the term quadratic in the 
matter fields is diagonal. The tree-level contribution to the scalar masses is then 

(Rt^^F^F^) = 5t {gl^F^F^) , g^^ = f-'dMa - fa^dMnfa- (94) 

To avoid tree-level FCNC, we require (g'^^^F^'F^'^ to be independent of flavor for fixed SM gauge 
quantum numbers. As a specific example, in string theory with = {T^ + T we can avoid tree- 
level FCNC if (f^'' ^ = or if all quarks with the same quantum numbers have the same modular 
weights^^ : g^^ = 6ij (2Ret*)~^. Assuming tree level FCNC are absent, the only dangerous part 

^^Note that two independent conventions for modular weights exist in the Uterature. In particular, if we use the 
expression m with /„ = (T' + T')-< to serve as the defining property of the integer modular weight, then our 
convention corresponds to those of (251 1361 1?7ll38| . while the case —ql nj, is the convention of |35II52||^^I54| . The 
sign convention on the weights we have chosen has the virtue that the integers will typically be positive. 



27 



of is the last hne. Using (EH), and 



Dfn{ 



Di6kkf 



KkfhSki + KifaSkk 



+e 



-K 



-n-IJ 



AijuiA'JI + 2 (rP^iApj^a'' + [k^l])+2 (DiRf^,) ApjA 
e-^ {Rf^kAijn + [KkfhAiji + {r^^^Apji + [I ^ J]) + {k ^ I)] } 
ApjDiRf^, + iI^J) 



+e 



(95) 



we obtain for the modes P ^ 



DnDiSkk r, 



e ^AjjkiA"^^ + [Kkrn6kin + {k ^ I) + {n ^ m)] - [KkfhKin + {k ^ I)] 6k 



rlJ 



+e 



-K 



+2e 



-K 



Rink^iJp^'n! + 2 (DnDiRf,-,,) ApjA 



p_ 

Imk 



+2e 
+2e 



-K 



-K 



ApjA^ +{n^m) 

R^miApjkA^n + {n ^ m) + {k ^ I) 
'Rf^iR^^kApjA'' + Rf^^R'^^.ApQA- + (k ^ I) 

Inserting this into the last line of ()92() gives 

(m|,)g 3 -F^F^{d^6krnn+KrnnK''~'Skbc-5tKrnn6k-Rt^f,K,^dk^ 



DnRfrf^l) ApjkA''^ + {k ^ I)]} 

(96) 



+2e 



-K 



(DnD,R''i ApjA'' + [d.R'^j ApjAI' + 2 (D^i?^ %) Apj^a'' 



+-R 7 %ApjmAlf + R^j \Rq^^ApjA^^ + R^j \R^j^^ApqA^^ | 



(97) 



where we dropped terms that vanish in the vacuum, and the above "squared masses" have to be 
put in a weighted sum as in (|5c{|) with the appropriate loop factor. 

Most of the terms in (|97|) are in fact proportional to 5^, so represent corrections to the diagonal 
elements of the scalar mass matrix. The off-diagonal elements are the result of terms involving the 
set of PV fields P = in which we identify R 



I 

Jkl 



R]kl- 



{ml 



-K jpm' 



K^nRTb^pjA'' + {DnDbR\''J ApjA'' 



+ [DbR^J ApjA'^ + (Z^niJ^fe) ApjmA'' 
+RYbApjmAi' - aR\\KnmApjA'' 
-RbmnAijA^-^ - 2Rl^f^R^j "-^ApjA^-^ 



(98) 
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Using the quantities in H46|l and ()47() . along with the identity 

2RP^^ApjA'' = (Rt, + l/5|'A', (99) 
the potentially dangerous mass terms in l|98jl can be written as^'^ 

+ {Kmn (1 - Cta) + [(1 " aa)Kjn - 9^, In /U J [(1 - aa)Kn - 5filn^„]) 

+ [(1 - aa)Kn - dn ln^„] DbRmc + [(1 - aa)Km - dm In Ha] DfiRbc} ■ (100) 

This is the principal result of this section, and we will spend the rest of the section investigating 
its consequences in a number of simple examples. But first it is instructive to compare the expression 
in H1UU|) with the analogous expression for the scalar mass in equation (4) of _10_.^^ The two 
expressions share the same general structure, though the coefficients of the various correction 
terms differ - presumably since the starting point in UUj was not yet fully supersymmetric. We 
have checked that has the proper symmetry under interchange of indices implied by its origin 

from (|^ . 

A more substantive comparison can be made by considering a particular Kahler potential. Take 
the case of 

K = giM,M) + J2 /a(M,M)|$»|2 + ^Y.^-bfaM'^'^Wl'' + O(l^l'), (101) 

a ab 

g{M,M) = -^ln(r +r), fa{M,M) = J](r + r)-^s (102) 

i i 

which is motivated by modular-invariant effective actions describing the weakly-coupled heterotic 
string. Then the relevant tensors for the computation of (|1UU|) are given by 

Rbc = ^bcfb I ^ , ^ab + y Ai\ ^ DnRhc = 0, DftDbRmc = 2^^^ ^bRmc, 



DbR 



'be — hcfb -^"-b X! ' DfiRbc — 0, DnDbRr. 

^''2R^ (E + Xab + E • (103) 



^^In what follows we have a dropped a term p"^ A"^ R^^^F"^T^^ since it will not produce any FCNC contributions if 
the tree-level masses are FCNC safe. 
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The analogous expression is equation (6) of the preprint version hep-ph/9709250 of this paper. 
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First consider the case where = for the Kahler moduh T* and where F'^F'^Rgg = F^ F^ KsK^ = 
3m3^2- Then assuming (9s /Xq = we obtain 

[mli^wTh = 'ivali^lt^lbl X,, + Y^q'l^{l- (2 - a,) . (104) 

As was pointed out in ^U], where this same Kahler potential H101|) was considered, even in this 
particularly simple case of dilaton-domination (in which tree-level scalar masses are universal and 
diagonal) there is a potential for sizable FCNCs since the summation in the first term of (|104() 
runs over all fields which participate in the quartic coupling of (|l()lj) . What was not appreciated 
in ^01 was the fact that the presence of this off-diagonal scalar mass contribution depends on 
the parameters aa, which are determined by Planck-scale physics. In particular, the contribution 
vanishes completely - independent of the values of the modular weights or the values of Xab — 
provided a = 1 or 2. 

For the untwisted sector with Kahler potential given by H82() 




(105) 



the expression for R^c is given by (|55|l. If the twisted sector Kahler potential is just the quadratic 
term in (|102|1 then the twisted masses are different from the untwisted ones. If instead the twisted 
sector has 

= Y^eT..'i1K''^\^9^\\ (106) 

a 

we would instead obtain 

Xa,bT = E ^"^i^ E ^-M = 2Ni + Y^ qt. (107) 

a i a a€T 

In orbifold constructions it is common for the quark doublet Ql of the Standard Model to arise in 
the untwisted sector, though generally at least some of the other Standard Model fields must arise 
in one or more of the various twisted sectors j221 151j . Thus we might expect some contributions 
such as those in ()107() to arise. Nevertheless, such terms may be innocuous (quite apart from the 
issue of the factors of a) even in cases where F^ ^ provided all twisted sector SM fields have the 
same modular weights - a condition that obtains quite often in these models. 

Additional terms in ()103() can arise if the Kahler potential includes terms in addition to those 
in H101|) . For example, we might consider an addition of the form 

AK = llZab'^'^^'' + iHabc'^^^'^' + +...)+ h.C. . (108) 
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In fact, such extensions are not uncommon in phenomenological considerations: terms with Z^h 7^ 
might be utihzed to generate a /i-term via the Giudice-Masiero mechanism jSSl while three-field 
terms with both Hahc and '^ahc non-vanishing were utilized in (SHI to produce neutrino masses. 

In general these terms are constrained by requirements of gauge invariance, which do not affect 
the case of Xah in (|1UH) . For example, a Giudice-Masiero term of AiT = ^Z{T,T)HuH(i + h.c. 
can only produce corrections to the mass matrix for the Higgs fields themselves, and there only to 
the diagonal entries provided the quadratic term in ()1U1() is diagonal in these fields to begin with. 
This is a general property of additions to the Kahler potential with the form AK = + /(*!*). 

More dangerous are terms with mixed holomorphicity, such as the case of [SH] in which the 
following was added to the Kahler potential 



AK = {ZiULaHuNk + {Z2)abLaH2Nb + h.c. 



(109) 



where is a right-handed neutrino superfield, L is the standard lepton doublet of the MSSM and 
a, b are generation labels. Here we do expect contributions to off-diagonal scalar masses (as well 
as additional contributions to the diagonal entries) at one loop. For example, we have 
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If the coefficients Zi and Z2 depend on various moduli (which they will, in general, in realistic 
string models) then there are additional terms coming from Dl^Rt^l* and D^^Rt^n* ■ These 
terms involve derivatives of the coefficients Zi and Z2 and can introduce additional off-diagonal 
terms if the F-terms for the corresponding moduli fields do not vanish in the vacuum. 

Though these terms must necessarily be present in this scenario, they need not necessarily be 
large. The summations in ()110|1 are only over the various species of right-handed neutrino and 
lepton doublet, respectively, that couple through the terms in ()109|) . While it is not inconceivable 
that the number of such fields might be greater than three in string-derived models |57[ I58j . it is 
unlikely that such sums will generate numbers of O(IOO). Nevertheless, the severe constraint on 
the branching ratio for the rare decay /i — > 67 of Br(;U —>■ 67) < 1.2 x 10~^^ 1531001 suggests that 
the size of the element m'j^_^^* should be quite small. In particular [H 1^ IB^ 
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though the size of the off-diagonal elements can be comparable to the diagonal entries once the 
typical slepton mass nears 1 TeV. For the case of above, insertion of into and 

summing as in ()53() gives an off-diagonal mass contribution of roughly 

4^ - ^ (l^iP + \Zl\) E Ml - «pv)(2 - apv) (^)\ (112) 

where we have set the Kahler moduli to their self-dual value of (t*) = 1 in reduced Planck-mass 
units and taken a dilaton-dominated scenario in which F'F'Kss = F'F^KsK-s = Smj^^ such that 
the diagonal entries of the lepton doublet scalar mass matrix are given by (see Appendix A 

below for a complete expression). Even in the case where apy 7^ 1,2, and the summation is over 
PV fields whose masses are very near the string scale, it is still unlikely that the quadratically 
divergent contribution to FCNC in the lepton sector would be observable except in the case of very 
light scalar leptons or very large numbers of right-handed neutrino fields. In more complicated 
supersymmetry-breaking scenarios the exact nature of the FCNC bound is a more involved, model- 
dependent issue. Phenomenological models which introduce higher-order terms into the Kahler 
potential in the spirit of (|1U8|1 IHSl IM] should consider such loop-induced contributions to 
FCNC processes. 

Conclusion 

In this work we have considered those corrections to the scalar potential which are quadratically 
dependent on the cut-off scale. We have taken care to regulate theses divergences with a regulator 
sector that preserves manifest super symmetry. We have argued that this step, overlooked in the 
past, is critical to a reliable discussion of the physical implications of these corrections. 

Specifically, these quadratically divergent contributions to the effective scalar potential have 
two immediate impacts. The first is in the determination of the vacuum expectation values of 
various scalar fields in the low-energy four-dimensional theory. Of most importance are those fields 
whose auxiliary fields acquire supersymmetry breaking expectation values, as the vacuum values 
of these fields will generally dominate the vacuum expectation value of the potential itself; i.e. the 
vacuum energy of the cosmos. We have shown that the sign of the loop-induced contribution to this 
vacuum energy is not unambiguously positive and thus cannot be relied upon to remedy moduli 
stabilization mechanisms that produce substantial negative vacuum energy, such as the so-called 
"racetrack" method. In fact, the sign and magnitude of this contribution is model-dependent. 
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but the casting of the problem in terms of a renormahzation of the spacetime metric and Kahler 
potential - possible only when a manifestly supersymmetric regulating scheme is employed - makes 
this model-dependence easy to extract. We demonstrated this for the case of dilaton stabilization 
in the BGW model, for which the loop corrections were shown to affect the resulting minimum in 
a negligible way. 

The second, and potentially more damaging, impact of these terms is on the generation of new 
contributions to the soft super symmetry-breaking scalar mass matrices. In this case the constraints 
on the size of the off-diagonal entries of these matrices from rare flavor-changing neutral current 
(FCNC) processes makes these new contributions large enough to be worrisome if a summation 
over chiral fields can be sufficient to overcome the loop suppression factor. Of course, string theory 
(or any theory of high-scale physics) must still meet the challenge of explaining the smallness of 
scalar-mediated FCNC effects at the tree-level, but as string theory is as yet unable to address the 
Kahler potential for matter fields beyond the leading order we must ask instead for the ways in 
which supergravity can spoil such a safe arrangement once it is engineered. 

When viewing this particular manifestation of the supersymmetric flavor problem from a ground- 
up, phenomenological point of view it has been common to turn away from models in which su- 
pergravity plays a relevant role in low-energy physics so as to mitigate these new corrections. For 
example, gauge meditation of supersymmetry breaking is often promoted on this basis, and it pur- 
ports to address the problem from two fronts: (1) by making the tree- level soft masses of the scalars 
proportional to gauge charges and (2) by allowing for a drastic reduction in the size of the gravitino 
mass - and thus in the size of supergravity induced soft-mass corrections of the form of (^. 

For those who take a top-down, string theory motivated point of view the situation is less 
dire. String-based models are seldom "generic" and rarely give rise to the most general possible 
supergravity effective theory. The possible Kahler manifolds for the light scalars are typically quite 
limited form. In particular, isometries such as SL{2, Z) symmetries amongst the various moduli (a 
specific form of the general Kahler transformation symmetry of supergravity Lagrangians) restrict 
the form of the tensors appearing in the expressions for off-diagonal scalar masses. Dangerously 
large terms which mix generations are likely to result only when particular higher-order terms are 
present or when particular moduli are involved in supersymmetry breaking. Specifically, terms of 
three or more fields with mixed holomorphicity tend to be the only ones of concern. Yet large 
coefficients are unlikely due to gauge-invariance constraints, except for a potential quartic term in 
the Kahler potential. We point out that even such quartic terms tend to count only those scalar 
fields within a particular sector of the string Hilbert space as opposed to all scalar fields in the 
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theory - a difference that can reduce the possible size of these corrections substantiahy and which 
can only be appreciated by study of such terms within the context of realistic string constructions. 

It also crucially important to consider the impact of the theory which serves as the ultraviolet 
(UV) completion for the supergravity effective theory. As we demonstrate, employing a super- 
symmetric regularization scheme introduces factors which must be treated as parameters in the 
effective theory. These represent the uncertainties in the threshold scale at which the UV physics 
(here represented by the Pauli-Villars sector) begins to operate to regularize divergences. The 
overall size of any supergravity-induced correction to scalar mass matrices ultimately depends on 
these factors in a model-dependent manner. 

Even more crucial are the transformation properties of the regularization sector under the set 
of gauged U{1)r symmetries that are realized by Kahler transformations. The "charges" of the 
regulating sector fields under these transformations are determined by the dependence of the kinetic 
terms on the Kahler potential - parameters we denoted by a in (|37() . Different assumptions about 
this dependence act like different regularization schemes. Some choices can make dangerous off- 
diagonal scalar masses vanish identically. Such a dependence is missed by treatments that use 
supersymmetry-breaking (and modular symmetry-breaking) straight cut-off parameters and ignore 
the field dependence of these cut-offs. 

Can we dispense with this intrusion of Planck-scale physics upon the quantities that interest 
us as low-energy observers? It is important to recognize that the UV-dependence is inherently 
necessary for the consistency of the theory. Consider, for example, the case of anomalous U{l)x 
symmetries in flat (rigid) supersymmetry. In the presence of such an anomalous U{l)x with non- 
vanishing TrTx there arises a quadratically divergent contribution at one loop proportional to 
TrTxA^. This contribution can not be cancelled by C/(l)x-invariant PV mass terms; that is, the 
mass terms in l\V6^ must involve fields whose U{l)x charges do not cancel in order to generate 
a contribution to the quadratic divergence. Since the kinetic terms for these fields are given by 
exp(qxVx)\^\'^ , where Vx is the U{l)x real vector field, their masses in (|14|) are necessarily of the 
form M = exp{—qxVx)l-i' and are field-dependent. Anomaly cancellation thus imposes constraints 
on the charges qx- 

The situation with Kahler transformations is completely analogous, as these transformations 
also involve a form of U{1) transformation that is anomalous at the quantum level. In the presence 
of this Kahler anomaly there is a term 

>Cone-ioop 3 aKi^V^z'V^'z^A^ (113) 
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which can only be cancelled if there is at least some sector of the P V fields for which Mpy oc e"^ . 
Considering the mass term of (|14j) we see that the PV masses can indeed be made invariant under 
Kahler transformations if a a + a_B = 1 for pairs of fields ^>^, appearing in the superpotential 
terms in ()13() . Indeed, this choice gives rise to precisely the relationship in (^SJ.^^ This cannot be 
true of all fields in the PV sector, however, since if so the contribution of the PV sector to Tr is 
always proportional to KunV ^j^z^V^z^ — 2V which can be removed by a Weyl redefinition. That 
is, this expression vanishes identically on-shell when the graviton equations of motion are employed. 
Therefore more general choices of the various a values are needed to cancel these terms for the full 
regularization of all divergences (which imposes certain constraints as derived in Section [2.2|) and 
to insure that the Kahler chiral anomaly has a trace anomaly superpartner, as in the U{l)x case 
described above. 

In both of these examples the elements of the one-loop Lagrangian that cannot be cancelled 
without field-dependent masses of the form m ~ e^^, where p is a generalized "weight" and y is a 
real superfield, are elements that arise via anomalies. Therefore we have no reason to expect that the 
low-energy physics should be independent of these weights p: it is, after all, precisely this property 
of anomalies that make them so useful in connecting UV and IR physics. The results presented in 
this work are thus far more than an academic exercise about finding the appropriate coefficients 
for a complicated loop calculation, but are at the heart of how supergravity effective Lagrangians 
connect low-scale physics and high-energy assumptions in phenomenologically meaningful ways. 
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Appendix A — General Scalar Mass Formulae 

For the sake of completeness, in this appendix we present the complete scalar mass expression ob- 
tained from inserting the appropriate matrix elements into expression H92|) and inserting the result 
into the corrected weighted sum. To keep the expression tractable we work only to first order in the 
^■^This is the configuration dubbed "PV Scenario A" in the phenomenological treatment of |.-{5|. 



35 



loop expansion parameter and assume vanishing tree-level vacuum energy (i.e. KnmF^F = 2>m^i2)- 
Then the scalar squared mass is given by 
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where 



vf = OpKi-difip, Pp = $,n,0fc, 
If we take the specific case of Kahler potential given by (jlUip 

K = g{M,M) + E /a(M,M)|$»|2 + W^-bfaM'^^Wl'' + 0(1^1' 
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which was also the example considered in ^U], we obtain for the diagonal scalar mass entries 
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where n,m = s, k and k label T-moduli. 
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Appendix B — Errata 

In this appendix we take a moment to correct a handful of errata in some of the papers referred to 
in this work: 

Ref. [26j In the first line of Eq. (7) the term — | should be replaced by This entails a 

correction to Eqs. (15), (16) and (20) of that paper; the correct relations are given in |32[l33j . 
In Eq. (17) there should be a replacement V ^ V in the first term on the right-hand side. In 
this same equation, the following term 

^Hi 3 —\6'e'\''K,jPaD,{T'^zf = -UkAiT^'zfVa = -2alV5h. (118) 

is missing and should be inserted. This term can be spotted in the 4th term on the right-hand 
side of Eq. (C.36) in ^2]; it corresponds to the last term in Eq. (C.37) of the same reference. 



Ref. [18J In the expression for Lq in Eq. (13), the coefficient of | in the first term should be 
{Ng + 7) instead of {Nq - 1) and the second term should have 2Kifn (v^zWi^z"^ + bF^f^^ 
replaced by 2Kirn (^V^z^V^'z^ - 5F'F^' 
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